The specific activities of acid and alkaline invertases (f-D-fructofuranoside fructohydrolase, EC 3.2.1.26), sucrose synthase (UDPglucose: D-fructose 2-a-D-glucosyltransferase, EC 2A.1.13), hexokinase (ATP: n-hexose 6-phosphotransferase, EC 2.7.1.1), and fructokinase (ATP: 1-fructose 6-phosphotransferase, EC 2.7.1.A) were determined in soybean (Glycine max L. Meff cv Williams) nodules at different stages of development and, for comparison, in roots of nonnodulated soybeans. Alkaline invertase and sucrose synthase were both involved in sucrose metabolism in the nodules, but there was only a small amount of acid invertase present. The nodules contained more phosphorylating activity with fructose than glucose. Essentially all of the alkaline invertase, sucrose synthase, and fructokinase were in the soluble fraction of nodule extracts whereas hexokinase was in the bacteroid, plant particulate, and soluble fractions.
The dependence of symbiotic nitrogen fixation in legumes on the supply of carbohydrates from the host plant has long been recognized (1, 5) . Photosynthate, predominantly in the form of sucrose, is translocated from the shoots into the root nodules (3, 7, 15) , providing nutrients for the bacteroids, energy and reductants for nitrogenase, and carbon skeletons for the assimilation of fixed NH4' (16, 21) . Sucrose is thought to be broken down in the plant cytosol of the nodules but there is little information on how this occurs (20, 21) . The metabolites taken up by the bacteroids within nodule cells have not been identified.
In plant tissues, sucrose may be cleaved by invertase (l-Dfructofuranoside fructohydrolase, EC 3.2.1.26) or sucrose synthase (UDPglucose: 1)-fructose 2-a-i-glucosyltransferase, EC 2.4.1.13), an enzyme which acts in the degradative direction in vivo (19, 29) . The glucose and fructose produced may be phosphorylated by hexokinase (ATP: D-hexose 6-phosphotransferase, EC 2.7.1.1) or fructokinase (ATP: D-fructose 6-phosphotransferase, EC 2.7.1.4) (28, 29) .
Two forms of invertase occur in plant tissues, one with optimum activity at acidic pH (acid invertase), and the other with optimum activity near pH 7.5 (alkaline invertase) (8, 12, 22) . Alkaline invertase is present in Ornithopus sativus, Lupinus luteus, and L. angustifolius nodules (14, 23) Fractions of 6 ml were collected and those containing invertase activity were pooled, concentrated to approximately 10 ml by ultrafiltration, and dialyzed against buffer C. The enzyme was applied to a DEAE-cellulose column (1.2 x 4 cm) which had been previously equilibrated with buffer C. The column was washed with buffer C until the A at 280 nm was less than 0.01, and eluted with a gradient obtained by introducing 50 ml of 0.5 M KCI in buffer C into 50 ml of buffer C. Fractions of 4 ml were collected and those which contained activity were pooled, concentrated to approximately 10 ml by ultrafiltration, and dialyzed against buffer D. Preparations of this type were used to study the properties of soybean nodule alkaline invertase. Assay of Enzyme Activity. All enzyme assays were carried out at 30°C unless otherwise noted. Reaction mixtures for the standard assay of alkaline invertase contained, in a final volume of 0.25 ml, 5 gmol Pi buffer (pH 7.5), 25 ,umol sucrose, and an appropriate volume of enzyme. The reaction was stopped after 20 min by heating in a boiling H20 bath for 2 min, the precipitate removed by centrifugation, and glucose determined as described (4) . For assays in which the properties of the partially purified alkaline invertase were studied, the reaction was stopped by the addition of0.25 ml of0.1 M citrate (pH 3). The effects ofcations, anions, and heavy metals on alkaline invertase were studied in reaction mixtures which contained S ,umol imidazole-HCl buffer (pH 7.5) instead of Pi buffer. The hydrolysis of raffinose and stachyose was assayed by measuring the production of reducing sugar using the method of Nelson (17) .
Acid invertase was assayed in reaction mixtures which contained, in a total volume of 0.25 ml, 10 ,mol citrate buffer (pH 6), 25 umol sucrose, and an appropriate volume of enzyme. The reaction was stopped after 20 min by heating in a boiling H20 bath for 2 min, the precipitate removed, and glucose determined (4).
Sucrose synthase was assayed by coupling the production of UDPglucose to the reduction of NAD in the presence of excess UDPglucose dehydrogenase as described by Avigad (2), except that NaCN and NaF were omitted from the reaction mixtures. Hexokinase (28) , fructokinase (9) , and ,B-hydroxybutyrate dehydrogenase (30) were assayed as described.
Low mol wt compounds were removed from the soluble fractions of nodules and roots by Sephadex G25. One U of activity is defined as the amount of enzyme which catalyzed the formation of 1 Mmol product/min. Protein was determined by the Folin-Lowry method. Nitrogenase activity was determined at 20°C by measuring the rate of acetylene reduction. The nodules associated with three plants were detached, placed directly in a tube capped with a gas tight stopper, and acetylene injected to a final concentration of 20% (v/v). The ethylene produced was measured by GLC with a Porapak T column at 80C, using N2 as the carrier gas and a flame-ionization detector. RESULTS Time Course Studies. Nodules were observed on the roots of inoculated soybeans 8 DAP, and the increase in weight of nodules/plant between 18 and 46 DAP is shown in Figure 1 . The growth of the soybeans indicated that the nodules were effective (Fig. 1) . Nitrogenase activity was first detected in the nodules 15 DAP. There was a rapid increase in nitrogenase activity between 19 and 36 DAP, and this was followed by a less marked increase up to 46 DAP (Fig. 1) . Nodules obtained between 36 and 46 DAP will be referred to as mature.
The specific activities of acid and alkaline invertases and sucrose synthase in soybean nodules between 18 and 46 DAP are shown in (Fig. 1) . The specific activity of sucrose synthase doubled between 18 and 32 DAP and then remained constant at a level slightly lower than aLkaline invertase (Fig. 1) . There was only a small amount of acid invertase in the nodules (Fig. 1) .
The nodules contained much more phosphorylating activity with fructose than glucose. A fructokinase and a hexokinase were involved in the phosphorylation of fructose and glucose, respectively (unpublished results), and there were no significant changes in the specific activities of these enzymes in the nodules between 18 and 46 DAP (Fig. 1) .
Over 90% of the alkaline invertase, sucrose synthase, and fructokinase of the nodules were in the soluble fraction (Table  I) . Hexokinase was present in the bacteroid, plant particulate, and soluble fractions ( Table I ). The plant fractions were not contaminated with (-hydroxybutyrate dehydrogenase, a marker enzyme for bacteroids (6) . There was no difference in the distribution of the enzymes in developing and mature nodules.
A time course study of the enzymes of sucrose breakdown in the roots of nonnodulated soybeans is shown in Figure 2 . The specific activity of alkaline invertase did not vary significantly between 18 and 46 DAP, whereas acid invertase increased between 18 and 22 DAP and then declined to a low level (Fig. 2) . The specific activity of sucrose synthase in the roots increased approximately 2.5-fold between 18 and 25 DAP and then remained constant (Fig. 2) . Nonnodulated roots contained similar amounts of hexokinase and fructokinase at 18 DAP (Fig. 2) . The specific activity of fructokinase increased approximately 3-fold between 18 and 36 DAP, whereas hexokinase did not change.
Alkaline invertase and sucrose synthase had significantly higher specific activities in mature nodules than in nonnodulated roots, as shown by comparison of Figures 1 and 2 . The specific activities of hexokinase and fructokinase were similar in nodules and roots. However, the activities per gram fresh weight of all of the enzymes were much higher in nodules than in roots (Table  II) .
Purification of Soybean Nodule Alkaline Invertase. Alkaline invertase was purified 39-fold from the soluble fraction of soybean nodules using the procedure summarized in Table III . The enzyme could be stored without loss of activity for 4 weeks at 4°C in 25 mm Pi buffer (pH 7.5) containing 5 mm 2-mercaptoethanol. The alkaline invertase preparation was free of a-glucosidase activity.
Substrate Specificity. Typical Michaelis-Menten kinetics were observed when the concentration of sucrose was varied. The Km of alkaline invertase for sucrose, determined from double reciprocal plots, was 10 mm. Raffinose (Gal a 1,6 Glc , 1,2 Fru) (final concentration, 0.1 M) and stachyose (Gal a 1,6 Gal a 1,6 Glc ,B 1,2 Fru) (0.1 M) were hydrolyzed at 2% and 1.5%, respectively, of the rate for sucrose. The following sugars (final concentration, 0.1 M) were not hydrolyzed: cellobiose (Glc A 1,4 Glc), gentiobiose (Glc ,8 1,6 Glc), maltose (Glc a 1,4 Glc), turanose (Glc a Time course study of acid and alkaline invertases, sucrose synthase, hexokinase, and fructokinase in roots of nonnodulated soybeans. Enzymes were assayed as described. Enzyme activities, expressed as mU/mg protein, were determined from the sum of the respective activities in the particulate and soluble fractions. Plant fresh wt is given in g. Effect of pH. The effect of pH on soybean nodule alkaline invertase is shown in Figure 3 . The optimum pH was 7.6 and activities of 90% or greater of the maximum were observed between pH 7 and 8. There was no effect on activity when Pi buffer was replaced in reaction mixtures by the following buffers at pH 7.5 (final concentration, 20 (Fig. 4) . The secondary plot of the slopes against the concentration of fructose was linear and a Ki value for fructose of 11 mm was determined. Under the standard assay conditions, the enzyme was inhibited 7% by 5 mm glucose.
Effect of Salts. The addition of the chloride salts of Na+, K+, or NH4+ (final concentration, 50 mM) had no effect on soybean nodule alkaline invertase. CaC12 (10 mM) and MgC12 (10 mM) each inhibited activity by 25%. The following anions (final concentration, 50 mM) had no effect on activity: F-, Cl-, NO3-, S042-, acetate, and citrate. Pi (0.1 M) had no effect on alkaline invertase when added to reaction mixtures which contained either 20 mm Mops-KOH or 20 mm Hepes-KOH at pH 7.5.
Effect of Metabolites. The following metabolites (final concentration, 5 mM) had no effect on activity under the standard assay conditions: ATP, ADP, UDP, ADPglucose, UDPglucose, glucose-I-P, glucose-6-P, and fructose-6-P.
Effect of Inhibitors. Tris was an inhibitor of soybean nodule alkaline invertase and, under standard assay conditions, 0.7 mm Tris inhibited activity by 50%. The inhibition caused by Tris was noncompetitive, as shown by the pattern of double reciprocal plots which intersected to the left of the ordinate (Fig. 5) . Secondary plots of the slopes and intercepts against the concentration of Tris were linear, and values of 0.62 and 0.32 mm were determined for K,,,,,r,,and K,v,,,,, respectively. Soybean nodule alkaline invertase was inhibited 50% by 5 jM CuSO4 and 0.1 M HgC92, respectively. DISCUSSION This investigation has shown that both alkaline invertase and sucrose synthase are present in soybean nodules. Alkaline invertase appears to be the main enzyme of sucrose breakdown in developing nodules whereas both enzymes may be involved in the cleavage of sucrose in mature nodules. There was a small amount of acid invertase in the nodules and this enzyme is unlikely to be significant. Alkaline invertase and sucrose synthase were also involved in the breakdown of sucrose in roots of nonnodulated soybeans. The specific activities of these enzymes were 2-to 4-fold higher in mature nodules than in roots, and this suggests that the synthesis of alkaline invertase and sucrose synthase is increased as a result of symbiosis.
Essentially all of the alkaline invertase, sucrose synthase, and fructokinase were in the soluble fraction ofthe nodules indicating that the cleavage of sucrose and subsequent metabolism of fructose takes place in the host cytosol. Alkaline invertase is a soluble enzyme in L. angustifolius nodules (23) and a cytosolic location has been demonstrated for sucrose synthase and fructokinase in other plant tissues (10, 18, 27) . Hexokinase was present in the bacteroid, plant particulate, and soluble fractions. In pea stems, hexokinase is associated with the mitochondria (27) . The relatively high potential for the phosphorylation of fructose compared with glucose could account for the low concentration of fructose in soybean nodules (24, 26) .
Alkaline invertase was partially purified from soybean nodules and shown to be a (l-fructofuranosidase which was specific for sucrose. Tris was a strong inhibitor of soybean nodule alkaline invertase. Inhibition of alkaline invertases from other plant sources by Tris has also been reported (8, 12, 13) . The enzyme was very sensitive to inhibition by heavy metals which indicates that a reduced sulffiydryl group is essential for activity. There was no evidence for any fine control ofalkaline invertase in soybean nodules. Inhibition by glucose or fructose is unlikely to be significant in vivo, and Pi and citrate, which stimulate alkaline invertase of L. luteus nodules (14) , had no effect on the soybean nodule enzyme. The activity of alkaline invertase in soybean nodules may be regulated mainly by the availability of sucrose.
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